Purpose The neurokinin B (NKB)/NK 3 receptor (NK3R) and kisspeptin (KISS1)/kisspeptin receptor (KISS1R), two systems essential for reproduction, are present in human granulosa cells (GCs) of healthy women and contribute to the control of fertility, at least partially, by acting on the gonads. However, little is known about the expression of these systems in GCs of women with polycystic ovarian syndrome (PCOS). The aim of this study was to analyze the expression of NKB/NK3R and KISS1/KISS1R in mural granulosa (MGCs) and cumulus cells (CCs) of PCOS women. Methods A cross-sectional study was performed in 46 healthy women and 43 PCOS women undergoing controlled ovarian stimulation. MGCs and CCs were collected from pre-ovulatory follicles after transvaginal ultrasound-guided oocyte retrieval and the expression of the genes encoding NKB (TAC3), NK3R (TACR3), KISS1, and its receptor (KISS1R) was analyzed using real-time quantitative RT-PCR. Results TAC3, TACR3, and KISS1 mRNA levels were decreased in MGCs and CCs of PCOS women. TAC3 positively correlated with KISS1 in MGCs of healthy women and TACR3 was positively associated with KISS1R in CCs from healthy women. These associations were not observed in PCOS women. Conclusion The NKB/NK3R and KISS1/KISS1R systems are dysregulated in MGCs and CCs of PCOS women. The lower expression of these systems in GCs could contribute to the abnormal follicle development and defective ovulation that characterize the pathogenesis of PCOS.
Introduction
Polycystic ovarian syndrome (PCOS) is a complex and highly heterogeneous endocrine disorder that affects approximately 5-15% of reproductive-aged women and is one of the most common causes of female subfertility [1] [2] [3] . PCOS is typically characterized by ovarian dysfunction, with elevated preantral follicle number, arrested follicular maturation, defective ovulation, and menstrual disorders, in conjunction with metabolic abnormalities such as hyperandrogenemia, insulin resistance, and abdominal obesity [1] [2] [3] [4] [5] [6] . However, the symptoms of PCOS vary greatly between patients and its underlying etiology remains unclear [1] [2] [3] [4] [5] [6] [7] .
The pathogenesis of PCOS seems to be strongly associated with dysfunction of granulosa cells (GCs), the specialized cells that are in direct contact with the oocyte forming the inside of the ovarian follicles [1-3, 7, 8] . At the antral stage of follicular development, two functionally different populations of GCs Victor Blasco and Francisco M. Pinto contributed equally to this work.
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become recognizable: the cells that surround and remain associated with the oocyte, known as cumulus oophorus cells (CCs), and the cells that line the outer limits of the follicle, known as mural granulosa cells (MGCs) [9] . The study of MGCs and CCs may thus provide essential data for the advancement of our knowledge on the etiopathogenesis of PCOS.
Kisspeptins and tachykinins, particularly neurokinin B (NKB), are essential regulators of reproductive function [10] [11] [12] [13] and play a key role in the modulation of GnRH secretion and gonadotropin release [4, [14] [15] [16] [17] [18] . In humans, kisspeptin is encoded by the KISS1 gene and their effects are mediated by the KISS1 receptor (KISS1R), which is encoded by the KISS1R gene [14] [15] [16] [17] . NKB and its preferred tachykinin receptor, NK 3 receptor (NK3R), are encoded by the genes TAC3 and TACR3, respectively [12, 16, [19] [20] [21] [22] . Besides their expression at the central nervous system, KISS1/KISS1R and NKB/NK3R are locally synthesized in MGCs and CCs of healthy, oocyte-donor women [23] [24] [25] [26] and their effects on ovarian function are partially mediated by a direct action at the level of the gonads [19-21, 23, 25-29] . Recent reports have shown that kisspeptin induces ovulation and triggers egg maturation in different mammalian species including women [17, 28, 30] . Moreover, follicular development is arrested at the antral stage in Kiss1 or Kiss1R null mice [31] suggesting a role in the regulation of follicular development [27] [28] [29] [30] [31] [32] , an event that is greatly altered in PCOS patients. With respect to NKB, a recent study has shown that this peptide regulates gonadotropin secretion, follicular development, and the timing of ovulation in healthy women [33] . Despite these evidences, little is known about the presence and eventual dysregulation of the KISS1 and NKB systems in the ovary of PCOS patients.
In this work, we analyzed the presence of KISS1, KISS1R, TAC3, and TACR3 in human MGCs and CCs from control, healthy women and PCOS patients, to investigate the possible existence of defects in the expression pattern of these systems in association with PCOS.
Materials and methods

Study population
Approval for this work was obtained from the institutional Ethics Committees of CSIC and Hospital Virgen Macarena (Sevilla, Spain) and all patients gave informed written consent. Human MGCs and CCs were collected from the preovulatory follicles of 89 women, aged 19-38 years, undergoing oocyte retrieval after controlled ovarian stimulation treatment at the IVI Sevilla Centre (IVI-RMA Global) for Reproductive Care. Forty-six were healthy oocyte donors and 43 were patients with PCOS.
PCOS was diagnosed according to the 2003 Rotterdam Criteria [34, 35] including any two of the following three clinical features: (i) menstrual dysfunction (oligo/ anovulation), (ii) clinical and/or biochemical hyperandrogenism, and (iii) polycystic ovaries on ultrasound. Women with other related disorders such as adrenal congenital hyperplasia, thyroid disease, Cushing's syndrome, or androgen-secreting tumors were excluded.
A general clinical examination of all patients was performed during the first visit to the IVI Centre. Blood samples were obtained during the early follicular phase of their menstrual cycle (day 3) and following administration of the ovulation inductor and serum hormone levels assayed enzymatically using an automated biochemistry analyzer (cobas e 411, Roche Diagnostics GmbH, Mannheim, Germany).
Stimulation protocol
All women were treated with a GnRH antagonist protocol using a combination of recombinant FSH + HMG in a dose of 150-225 IU of rFSH (Gonal, Merck Serono, Geneva, Switzerland) plus 37.5-75 IU of HMG (Menopur, Ferring Pharmaceuticals, Saint-Prex, Switzerland). A GnRH antagonist (Orgalutran, MSD, Hertfordshire, UK) was added the day that the leading follicle reached 14-mm average diameter followed by ovulation induction with 6500 UI recombinant choriogonadotropin alpha (rhCG) (Merck Serono) or 0.2 mg triptorelin (Ipsen Pharmabiotech, Signes, France) when two follicles reached 17-mm average diameter. Doses were adjusted according to patient characteristics and ovarian response, as judged by ultrasound and serum estradiol concentrations.
Collection of human MGCs and CCs
MGCs were collected from the follicular fluids (FF) obtained via ultrasound-guided transvaginal oocyte retrieval, which was performed 36 h after ovulation induction. After removal of oocyte-cumulus complexes, the remaining follicular aspirates from each patient were pooled and MGCs collected by using the Dynabeads methodology, as described previously [25] .
Human CCs were obtained from the same patients than MGCs and collected following previously described procedures [25] . After follicular aspiration, the CCs surrounding the oocyte were removed by using cutting needles, by subsequent treatment of cumulus-oocyte complexes (COCs) with Sydney IVF Hyaluronidase (80 IU/ml, K-SIHY Cook Medical, Brisbane, Australia), and by carefully removing the CCs of the corona radiata with very thin glass pipettes (Swemed denudation pipette, 0.134-0.145 mm, Vitrolife, Goteborg, Sweden).
RNA extraction and real-time qPCR
Total RNA was extracted from fresh MGCs and CCs using the RNA/Protein purification kit (Norgen Biotek Corp., Ontario, Canada) and residual genomic DNA was removed with RNasefree DNase I and RNasin (Promega, Madison, WI). Complementary DNAs (cDNAs) were synthesized using the Transcriptor First Strand cDNA Synthesis kit (Roche, Mannheim, Germany). Samples were then pre-amplificated using the SsoAdvanced PreAmp supermix (Bio-Rad Laboratories, Hercules, CA) following manufacturer's protocol.
Real-time qPCR was used to quantify the expression of KISS1, KISS1R, TAC3, and TACR3 in CCs and MGCs using the 2 -ΔΔC T method, as reported previously [25, 36] . qPCR was performed on a Bio-Rad iCycler iQ real-time detection apparatus using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The parameters of PCR amplification were 10 s at 94°C, 20 s at 60°C, and 30 s at 72°C, for 50 cycles. The sequences of the specific primer pairs designed to amplify each target gene are shown in supplemental Table S1 . Table S1 also shows the primers used to amplify β-actin (ACTB), hypoxanthine phosphoribosyltransferase 1 (HPRT1), cyclophilin A (PPIA), and succinate dehydrogenase complex, subunit A (SDHA) which were chosen as housekeeping genes on the basis of previous studies from other laboratories and ours [8, 25] . The specificity of PCR reactions was confirmed by melting curve analysis of the products and by size verification of the amplicon in a conventional agarose gel. A human universal reference total RNA (BD Biosciences Clontech, Palo Alto, CA) was used as a positive control of amplification and three negative controls were run for each assay: no template, no reverse transcriptase, and no RNA in the reverse transcriptase reaction.
The fold change of each target gene expression was expressed relative to the geometric mean mRNA expression of the reference genes in each sample [25, 36] .
Statistical analysis
Results are expressed as mean ± standard deviation and n represents the number of experiments in MGCs or CCs from n different women. Data distribution and homogeneity of variances were analyzed with the Kolmogorov-Smirnov test and Levene test. For gene expression data, a logarithmic transformation was adapted in order to meet the normality assumptions and the statistical differences between these logtransformed values were assessed using the Student t test. Pearson correlation coefficients were calculated to analyze the association between gene expression levels in healthy and PCOS women. General linear models were performed to control for confounding variables and all models were adjusted by BMI and age. p < 0.05 values were considered significant. All the statistical analyses were performed using IBM SPSS Statistics software version 24.0.
Results
Anthropometric and biochemical parameters of healthy donors and PCOS patients are shown in Table 1 . PCOS women were significantly older and had higher body mass index (BMI). The serum concentrations of follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone (T), and 17β-estradiol (E2) fell within the reference range values in the early follicular phase of the menstrual cycle in both healthy and PCOS women (Table 1 ). There were no significant differences in the serum concentrations of day 3 FSH or E2 between both groups. Day 3 T, LH serum levels, and the LH/FSH ratio were higher in PCOS ( Table 1 ). The serum concentrations of E2 and P measured on the day of administration of the ovulation inductor were similar in controls and PCOS ( Table 1) .
The expression levels of all the genes examined were not influenced by the use of rhCG or triptorelin for ovulation induction. The expression of KISS1 was down-regulated in MGCs (β = 0.048, p = 0.048) and CCs (β = − 0.585, p = 0.03) from PCOS patients, in comparison with mRNA levels in control healthy women (Fig. 1a ) and the differences remained significant after adjusting for age and BMI. The expression levels of KISS1R showed great variations between samples, particularly in CCs from healthy women, and, as a consequence, we did not found significant differences between PCOS and control patients (Fig. 1b) . The 2 -ΔΔC T values ranged from 0 to 43 in CCs from control women, while values in PCOS were much more regular and ranged from 0 to 4.1. There were also appreciable differences between controls and patients in the number of samples that expressed KISS1 and KISS1R. Thus, KISS1R was expressed in 50% of MGC samples from healthy women (11/22) and in 81% of PCOS samples (18/22) . With respect to CCs, KISS1R was detected in 52% of controls (24/46) and in 74.4% of PCOS (32/43). Opposite to KISS1R, KISS1 was expressed in 72.7% of MGC samples from healthy women (16/22) and in 31.8% of PCOs samples (7/22) . With respect to CCs, KISS1 was detected in 65.2% of controls (30/46) and in 35% of PCOS (15/43) .
TAC3 was present in all MGC and CC samples from healthy and PCOS women and its expression was higher in CCs than in MGCs in all women (Fig. 1c) . TAC3 mRNA levels were extremely regular, particularly in CCs, where the 2 -ΔΔC T values ranged between 0.4 and 4 in healthy women (n = 46) and between 0.3 and 1.6 in PCOS patients (n = 43). TAC3 mRNA was down-regulated in CCs from PCOS (Fig. 1c) . A multiple linear regression analysis shows that PCOS was associated with a lower expression of TAC3 in CCs which remained significant after adjusting for age and BMI (β = − 0.461, p 0.022).
TACR3 was also detected in more than 90% samples of both controls and PCOS women and its expression was significantly higher in MGCs (β = 0.721, p = 0.004) and CCs (β = 0.454, p = 0.022) of healthy women even after correcting for confounding variables (age and BMI). An increase in TACR3 mRNA levels was observed in CCs of healthy women, relative to MGCs from the same women. This increase did not occur in PCOS women (Fig. 1d) .
The correlation coefficients between variables were also different in PCOS and healthy women. TACR3 was positively associated with KISSR in CCs from healthy women, and TAC3 was positively associated with KISS1 in MGCs of healthy women ( Table 2 ). These associations remained after controlling for BMI and age (Fig. 2) . However, the associations were not observed in PCOS women. Data are means ± standard deviation. BMI body mass index, E2 estrogen, P progesterone, T total testosterone, FSH follicle-stimulating hormone, LH luteinizing hormone
Significant differences between groups (*P < 0.05) were assessed using the Student t test and are shown in italics 
Discussion
The NKB/NK3R and kisspeptin/KISS1R systems are locally synthesized in MGCs and CCs of healthy women and regulate ovarian function by exerting a direct effect at the level of the gonads [25] [26] [27] [28] . The present data show that kisspeptin, NKB, and NK3R mRNA levels are reduced in MGCs and CCs from PCOS patients, suggesting that NKB and kisspeptin could play also a role in the pathophysiology of PCOS.
The clinical manifestations of PCOS differ widely from a patient to another, suggesting a multi-factorial origin, which remains still unknown [1] [2] [3] [4] [5] [6] . The peptides kisspeptin and NKB play an essential role in the neuroendocrine control of reproductive function acting coordinately at the hypothalamic-pituitary-gonadal (HPG) axis [4, [10] [11] [12] [13] [14] [15] [16] [17] [18] 37] . With respect to kisspeptin, several evidences argue for a potential role of this peptide in the pathophysiology of PCOS. First, PCOS is associated with several perturbations of HPG function, including a higher ratio of LH/FSH serum levels (see Table 1 ) [1-3, 7, 8] and kisspeptin is a key regulator of the HPG axis and, particularly, of gonadotropin secretion [4, 10, 11, [13] [14] [15] [16] [17] [18] 37] . Second, PCOS is associated with metabolic symptoms, which include obesity and insulin resistance [1] [2] [3] [4] [5] , and kisspeptin plays an important role in the metabolic regulation of fertility [4, [37] [38] [39] [40] . Thus, fasting, which inhibits the activity of the reproductive axis, is associated with diminished expression of hypothalamic Kiss1 mRNA in rats and central administration of kisspeptin reverses the fasting-induced inhibition of gonadotrophin secretion [37] . These and other evidences, such as the deregulation of hypothalamic Kiss expression in conditions of obesity [39, 40] , strongly suggest that kisspeptin neurons in the arcuate nucleus (ARC) serve as a link between metabolism and reproduction [4, [37] [38] [39] [40] . Third, and in reference to the ovarian symptoms, different experimental data have shown that kisspeptin may participate in ovarian follicular development, can trigger egg maturation, and could contribute to the regulation of ovulation in different mammalian species including humans [17, 23, 27, 28, 30, 31] . In face of our present experimental evidence for altered KISS1 expression in GCs, these data are suggestive of a participation of kisspeptin in the pathogenesis of PCOS.
The main symptoms of PCOS are produced at the level of the ovary and are largely dependent on GC dysfunction [1] [2] [3] [5] [6] [7] [8] . Different reports have shown that kisspeptin and kisspeptin receptor mRNAs and/or proteins are expressed in GCs of chickens [41] , rats [23, 42, 43] , dogs [44] , and humans [23] [24] [25] . We found previously that KISS1 and KISS1R are locally synthesized in MGCs and CCs of healthy women and act coordinately with NKB and NK3R to regulate follicular function [25] . The present data show that the KISS1/ KISS1R system is dysregulated in MGCs and CCs from PCOS patients with an overt suppression of KISS1 expression. Moreover, there were appreciable differences between controls and patients in the number of samples that express KISS1 and KISS1R. We also found that the expression of KISS1R showed a great dispersion between samples, particularly in CCs from healthy women, with samples which express KISS1R in high levels but approximately 50% of samples where KISS1R was not detected. This suggests that, in healthy donors, the expression of KISS1R in CCs is strictly regulated during a short period of time around ovulation. A similar event has been observed in rats where the expression of Kiss1 is dramatically increased preceding ovulation [42, 43] . This strict regulation appears to be lost in PCOS, where the expression of KISS1R was detected in a 75% of patients and was much more homogeneous. In comparison with kisspeptin, less is known about the role of NKB and NK3R in the regulation of human ovarian physiology. However, a recent report involving treatment of 13 healthy women with the NK3R antagonist MLE4901 has shown that NKB regulates gonadotropin secretion, ovarian follicular growth, and the timing of ovulation in healthy women [33] . Our previous [25] and present data show that the TAC3/TACR3 system is widely expressed in MGC and CC samples from healthy and PCOS women and its expression is extremely regular, particularly in CCs. In healthy women, the transition between MGCs and CCs is accompanied by an increase in the TAC3/TACR3 system which does not occur in PCOS (see Fig. 1d ). In addition, the present study shows that TAC3 expression was downregulated in CCs of PCOS, and TACR3 was downregulated in MGCs and CCs of PCOS women, in comparison with healthy controls. In the same line, a recent study by Qi et al. [26] failed to detect any expression of TACR3 in MGCs from six PCOS women. Of note, a recent clinical study showed that the NK3R antagonist MLE4901 is a useful drug for PCOS treatment and can be beneficial to reduce T and LH serum levels, which are elevated in PCOS patients (see Table 1 ) [45] . NKB and kisspeptin signaling has been involved in estrogen negative feedback regulation, which is altered in PCOS. While the potential contribution of kisspeptin and NKB to this phenomenon is assumed to be mainly central, our current data open up the intriguing possibility that local deregulated expression of KISS1 and NKB systems in GCs might contribute also to the miscommunication between gonadal and central levels of the HPG axis that is characteristic of PCOS.
We previously found that the NKB/NK3R and KISS1/ KISS1R systems act in a coordinated manner to regulate GC function in healthy donors [25] . The present results reinforce this observation showing the existence of a positive association between TAC3 and KISS1 in MGCs and between TACR3 and KISS1R in CCs of healthy women. These associations were, however, lost in PCOS, suggesting that the coordinated action of NKB and KISS1 could be compromised in these patients. Further, studies will help to determine the precise significance of this finding in the pathogenesis of PCOS.
In conclusion, the present data show that the kisspeptin/ KISS1R and NKB/NK3R systems are down-regulated in MGCs and CCs of PCOS patients. The lower levels of kisspeptin and NKB in the ovary of PCOS women could contribute to the abnormal follicular development and defective ovulation which is observed in these patients. 
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